Abstract-Glutamate-mediated excitotoxicity has been purported to underlie many neurodegenerative disorders. A subtype of glutamate receptors, namely N-methyl-D-aspartate (NMDA) receptors, has been recognized as potential targets for neuroprotection. To increase our understanding of the mechanisms that underlie this neuroprotection, we employed a mouse model of glutamate receptor-induced excitotoxic injury. Primary cortical neurons derived from postnatal day-0 CD-1 mice were cultured in the presence or absence of neuroprotective molecules and exposed to NMDA. Following a recovery period, whole genome expression was measured by microarray analysis. We used a combination of database and text mining, as well as systems modeling to identify signatures within the differentially expressed genes. While molecules differed in their mechanisms of action, we found significant overlap in the expression of a core group of genes and pathways. Many of these molecules have clear links to neuronal protection and survival, including ion channels, transporters, as well as signaling pathways including the mitogen-activated protein kinase (MAPK), the Toll-like receptor (TLR), and the hypoxic inducible factor (HIF). Within the TLR pathway, we also discovered a significant enrichment of interferon regulatory factor 7 (IRF7)-regulated genes. Knockdown of Irf7 by RNA interference resulted in reduced survival following NMDA treatment. Given the prominent role that IRF7 plays in the transduction of type-I interferons (IFNs), we also tested whether type-I IFNs alone functioned as neuroprotective agents and found that type-I IFNs were sufficient to promote neuronal survival. Our data suggest that the TLR/IRF7/IFN axis plays a significant role in recovery from glutamateinduced excitotoxicity. Ó
INTRODUCTION
Deregulation of glutamate homeostasis within the central nervous system and the resultant excitotoxic injury has been linked to the pathological mechanisms that ensue after cerebral ischemia and trauma and potentially underlie complex neurodegenerative disorders (Sheldon and Robinson, 2007; Dong et al., 2009 ). However, despite decades of research and promising data from both in vitro experiments and clinical trials, efforts on specific therapeutic targeting of ionotropic glutamate (Nmethyl-D-aspartate (NMDA)-AMPA-Kainate) receptors have been largely unsuccessful (Villmann and Becker, 2007; Besancon et al., 2008) . The clinical shortcomings of targeting NMDA receptors may be due to poor relevance of animal models or suboptimal design of clinical trials (Hoyte et al., 2004) . The disconnect may also arise from an oversimplified standard model of excitotoxicity, which links cell death to a linear cascade of signaling events following receptor overstimulation (Besancon et al., 2008) . For example, NMDA receptors (NMDA-R) may stimulate cell survival or cell death signals, depending on their subcellular localization. Whereas extra-synaptic NMDA-R activation may preferentially trigger cell death cascades, synaptic NMDA-R activation may promote neuroprotection, (Hardingham and Bading, 2010) . The release of axonal glutamate can be preceded by large Na + influxes which have been suggested to be more detrimental than the ultimate Ca 2+ imbalance of the standard model (Besancon et al., 2008) . Moreover, an expanded repertoire of glutamate and Ca 2+ sensing receptors and transporters in the CNS continues to unfold (Villmann and Becker, 2007; Besancon et al., 2008; Trapp and Stys, 2009) . Neuroprotective agents may have multiple mechanistic roles in neuroprotection. For example Riluzole, an FDA approved therapeutic for the treatment of amyotrophic lateral sclerosis (ALS), has been proposed to act as an antagonist of both glutamate receptors and glutamate transporters (Villmann and Becker, 2007) , in addition to a tetrodotoxin-sensitive sodium channel blocker (Song et al., 1997) , and a two-pore potassium channel agonist (Mathie and Veale, 2007) . Also, the standard model has been limited by a neuronal centric view. However, astrocytes and oligodendrocytes are critical players in glutamate regulation and express a similar complement of ionotropic and metabotropic glutamate receptors that render them vulnerable to excitotoxic injury (Bolton and Paul, 2006) .
Finally, while many pathogenic mechanisms of glutamate excitotoxicity and cell death pathways have been well established, we still do not fully understand the complexities and multiplicity of networks, pathways, and intracellular signaling cascades that promote neuroprotection and cell survival (Lau and Tymianski, 2010) . To increase our understanding of the intracellular mechanisms of neuroprotection, the current study used genome-wide expression analysis followed by a multistep analytical approach that included text and database mining, as well as biological systems analysis. By employing primary mouse cortical neurons exposed to an excitotoxic insult of NMDA in the presence or absence of neuroprotective molecules, we were able to identify expression profiles that may represent shared signatures of neuroprotection. Interestingly, while diverging chemically and acting through different putative mechanisms of action, we found that these molecules converged at the level of whole-genome transcription. Namely, these signatures include mitogenactivated protein kinase (MAPK) signaling, calcium ion transport, and cellular adhesion, as well as pathways related to ischemic tolerance, such as the hypoxic inducible factor (HIF) and Toll-like receptor (TLR) pathways. Activation of these pathways may underlie a fundamental mechanism driving neuronal survival.
EXPERIMENTAL PROCEDURES Primary cortical neuron generation
Generation of cortical neurons from postnatal day-0 CD-1 mice brains (Charles River Laboratories, Wilmington, MA, USA) was achieved by papain (Worthington Biochemical Corporation, Lakewood, NJ, USA, LS003126) dissociation and manual trituration (Chen et al., 2005) . Dissociated cells (6 Â 10 5 cells/ ml) were cultured on poly-ornithine/poly-lysine (Sigma, St. Louis, MO, USA, P3655, P5282)-coated 10-cm plates in neurobasal A medium (NBA) (Invitrogen, Grand Island, NY, USA, 10888-022) supplemented with B-27 (Invitrogen, 17504-044) and penicillin/streptomycin (Invitrogen, 15140-122) . Neurons were cultured for 7 days at which time the NBAM was replaced and all molecule testing and treatment was performed. All experimentation was carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and received the approval of the UCSF Institutional Animal Care and Use Committee (IACUC). Formal approval can be provided upon request. All efforts were made to minimize the number of animals used and their suffering.
Neuroprotection assays
Neuroprotection was assessed using the Cell-Titer Glo Ò Luminescent Cell Viability Assay (Promega, Fitchburg, WI, USA, G7571) according to the manufacturer's protocol. Initially, each molecule was titrated over a twofold dilution curve (eight technical replicates were concentration) to determine neuroprotective efficacy following a NMDA-induced excitotoxic shock. Molecule concentrations that resulted in the highest level of cell viability (Table 1) were used for subsequent RNA extraction and microarray analysis. Of the 20 molecules used, 14 were classified as protective and six non-protective. The experimental design included single replicates for treatments with the 20 molecules and five biological replicates for nontreatment/vehicle controls. For RNA isolation, culture neurons were pre-treated for 1 h in NBAM+ media (NBAM with either media alone, vehicle, or molecule), followed by a 1-h incubation in excitotoxic media (EXM+, 120 mM NaCl, 5.3 mM KCL, 1.8 mM CaCl 2 , 15 mM D-glucose, 25 mM Tris, pH 7.4 supplemented with 10 lM glycine and 100 lM NMDA) containing the respective molecule additives as in the NBAM+. Following incubation, neurons were washed with NBAM, and incubated for an additional 16 h in the respective NBAM+, at which time the cells were harvested for RNA isolation (see below).
RNA isolation, microarray analysis, and quantitative RT-PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA, 74104) according to the manufacturer's recommended protocols. For microarray analysis, 4 lg of total RNA was sent to the Keck Foundation Biotechnology Resource at Yale University (New Haven, CT, USA) and assayed using the MouseWG-6 v1.1 Expression Bead Chips (Illumina, San Diego, CA, USA). The data were deposited in the National Center for Biotechnology Information Gene Expression Omnibus (Barrett et al., 2011) , GEO ID: GSE38701. RNA expression from single genes was assessed using TaqMan Ò Gene Expression assays (Applied Biosystems, Carlsbad, CA, USA, 4440040) on an ABI 7900HT Sequence Detection System, following all manufacturers' protocols. Assays were performed in triplicate using $50 ng of RNA per reaction and reported using the DDC t comparative method as detailed in the ABI User Bulletin #2, using Gapdh as the sample calibrator and the references (relative controls) indicated in respective figures.
Neuronal transfection and RNA interference
For functional assays following Irf7 interference, CD-1 mouse cortical neurons (Lonza, Basel, Switzerland, M-Cx-400) were cultured according to the manufacturer's protocol. Approximately 5 Â 10 5 cells/well were cultured on 24-well polyornithine/poly-lysine-coated plates. On Day 7 post-plating, the medium was replaced with 50% fresh medium and the neurons were transfected with Silencer Ò siRNA oligos (Ambion, Carlsbad, CA, USA, 4390771) or mock (vehicle) using the GeneSilencer siRNA Transfection Reagent (Genlantis, San Diego, CA, USA, T500020) according to manufacturer's protocol. On Day 8, 24 h following transfection, neurons were subjected to the pretreatment/excitotoxic stimulus as detailed above (''Neuroprotection Assays'') and to a 16-h recovery period, at which time RNA was isolated or survival was quantitated. Transfection efficiency was assessed using the pmaxGFP Ò vector (Lonza, VSC-1001).
Data and statistical analysis
Expression data were background subtracted and normalized using cubic splines in the Illumina BeadStudio Gene Expression module v3.1. Illumina probes were annotated using version 4 of the Illumina whole-genome array annotation file, with occasional manual annotation using GeneAnnot (ChalifaCaspi et al., 2004) and the Mouse Genome Institute database (Blake et al., 2010) . Differentially expressed genes (DEG) between protective and non-protective molecule classes were identified using the Microsoft Excel add-in BRB Array Tools (Dr. Richard Simon and BRB-ArrayTools Development Team) class comparison tool (t-test), controlling for the proportion of false discoveries (FDR p-value 6 0.2). We applied thresholds and removed genes based on (1) significance relative to vehicle in a class comparison (controls with and without vehicle), (2) genes that did not show at least 20% difference in expression between the protective and non-protective class average expression, and (3) failure to achieve significance in a nonparametric Wilcoxon rank sum test (FDR p-value 6 0.2). We performed hierarchical clustering (Manhattan Distance) with the Multiple Experiment Viewer, MeV (Saeed et al., 2003) . Cytoscape (Shannon et al., 2003) was used for network visualization and image creation. Graphs and tables were created using Microsoft Excel. Statistical significance for differences in mRNA expression by quantitative PCR and survival from the cytotoxicity assays were assessed using a ttest. Statistically significant differences of domain knowledge scores (see below) differences was determined using a fisher's exact test and of simple parameters from the NetworkAnalyzer Cytoscape plug-in output (see below) using a binomial test. The level of significance for each test was set at a pvalue 6 0.05, unless otherwise indicated. Significant enrichments of biological labels including functional ontology annotations, pathways, and transcription factor binding sites were performed using the Web-based Gene set Analysis tool (WebGestalt), functional analysis tool (Zhang et al., 2005) and the promoter analysis interaction tool (PAINT) (Vadigepalli et al., 2003) .
Domain knowledge score
Domain knowledge scores for a list of genes were calculated using a text mining strategy as previously described (Baranzini et al., 2010) . Briefly, an automated PubMed search was performed on each gene from the list in conjunction with (AND) the search phrase ''('neuroprotection' OR 'neuroprotective' OR 'neuronal survival').'' PubMed results for each gene were capped at 10 to control for bias due to extremes in molecule characterization or homographs of the molecule search term. The domain knowledge score was defined as the number of genes with P3 reported results across all genes in the list.
Biological systems analysis
The integrated complex trait networks (iCTNet) Cytoscape plug-in (Wang et al., 2011a) retrieves data from several sources to form integrated networks that can contain genes (proteins), tissues, phenotypes (diseases and traits), and drugs. The accessed databases included the Human Protein Reference Database (HPRD) (Peri et al., 2003) , the UCSC genome browser v.18 (Kent et al., 2002) ; the GWAS catalog (January 2011) (Hindorff et al., 2009) , (restricted to strong associations, p < 10 À8 ); protein-drug associations, DrugBank v.2.5 (Wishart et al., 2008) . The resulting 'initial network' (INTnet) consisted of 11,188 nodes (26 tissues, 9065 genes, 1863 drugs, and 234 phenotypes) that were connected by 70,399 edges. The overlapping DEG within the INTnet were mapped and extracted (genes/proteins only, including adjacent edges) to establish a core network of differentially expressed interacting nodes. The 20% class difference threshold for DEG identification was relaxed to increase the number of overlapping and interconnected genes resulting in a network of 357 nodes and 80 edges. This core network of differentially expressed genes was termed the DEGnet. The Cytoscape plug-in NetworkAnalyzer (Assenov et al., 2008) was used to compute basic topological parameters of each network and to compare these values to ten randomly generated networks of identical size (357 nodes) derived from the list of all genes in the network (9065). First-degree node neighbors (diseases and drugs) from the INTnet were added into the DEGnet, to form an integrated network of DEGs, diseases and drugs, called the (D3net).
RESULTS

Transcriptome overview
The transcriptional events associated with neuroprotection following glutamate excitotoxicity in mice cortical neuron primary cultures were measured using microarray technology. Our experimental strategy consisted of culturing primary murine neurons that were subjected to glutamate receptor-induced excitotoxicity using NMDA in the presence or absence of a neuroprotective agent. To allow comparisons based on biological pathways and network analyses, we first identified DEG transcripts. Anticipating that moderately neuroprotective molecules would dilute the expression variance in a class comparison, we chose to analyze the most extreme phenotypes based on the neuroprotective ratios in the viability assay (Table 1) . Based on this assay we defined two phenotypic classes: non-protective (viability ratios 6 1) and protective (viability ratios P 1.4). Class comparisons and subsequent filtering (see Experimental procedures) identified 746 DEGs. Relative to the mean expression across the arrays, the hierarchical clustering demonstrates that neuroprotective molecules were associated with elevated expression of 368 transcripts (lower-right quadrant, high expression group, HighEG) and reduced expression of 378 transcripts (upper-right quadrant, low expression group, LowEG) (Fig. 1a) .
To determine the biological relevance of the DEG signatures, we first employed a text mining strategy to calculate their respective domain knowledge scores, DKS (Baranzini et al., 2010) . We computed the DKS for the full list of DEG and each of the HighEG and LowEG groups and compared them to that for all genes on the chip. We found that the DKS of each list was significantly higher (p < 10 À6 , Welch's t-test) than the background of all genes on the Illumina MouseWG-6 v1.1 chip (Fig. 1b) , supporting the biological relevance of these signatures in regard to neuroprotection or neuronal survival.
Enriched biological labels
The transcriptional patterns underlying neuroprotection could be classified according to known biological categories, such as gene ontologies, KEGG pathways, and transcriptional regulatory elements. We used WebGestalt (Zhang et al., 2005) to search for and contrast unique over-represented biological categories (adjusted p 6 0.01) within the DEG, HighEG, and LowEG.
Gene ontology. The neuroprotective LowEG was enriched (adjusted p 6 0.01) for biological processes related to DNA metabolic processes, as well as complementary enrichments for cellular compartments in the nucleus and chromosomal regions (Table 2) . Contrastingly, the neuroprotective HighEG was uniquely enriched (adjusted p 6 0.01) in transcripts involved in ion/nucleic acid transport, synaptic transmission/ transport, and neuronal development (Table 2 ). This group of transcripts was also enriched in components of axonal and synaptic cellular compartments, as well as for molecular functions relating to ion channel activity and nucleic acid transport. Thus, the ontological analysis clearly highlighted mechanistic differences between transcripts that correlated with either neuronal loss or survival. KEGG pathways. We also found unique KEGG pathway enrichments (adjusted p 6 0.01) between the LowEG and HighEG (Table 3) . Specifically, the LowEG was enriched for nucleic acid excision repair, DNA replication, focal adhesion, extracellular matrix receptor (ECM) interactions, mismatch repair, and metabolic pathways. The nucleic acid repair and replication pathways overlapped in three repair genes (Rfc3, Rfc2, Rpa2), while the adhesion pathways overlapped in three extracellular matrix genes (Itgb5, Fn1, Col4a6). The HighEG was enriched for components of MAPK signaling, gap and tight junctions, and cell adhesion pathways. The MAPK signaling pathway included genes from the ERK1/2 (Rasgrp1, Prkcb, Pdgfrb) and JNK (Map2k4, Mapk10, Jun) branches.
Transcription factor binding sites. Stimulation of transcriptional changes requires the activation of transcription factors (TF) and the engagement of regulatory elements. We searched for enrichment of TF binding sites (TFBS) within the 5000-bp upstream promoter regions of the DEGs. We identified a common core of significantly enriched TFBS (Table 4) by taking the intersection (adjusted p < 0.01) between two analysis tools, WebGestalt (Wang et al., 2011b) and PAINT (Vadigepalli et al., 2003) . Both analyses detected TFBS in the HighEG previously linked to general neuroprotection, as well as neuroprotection through the establishment of ischemic tolerance such as Arnt (HIF1b), CREB, SRF, ER-alpha and Cart-1 (TRAF4) (Gidday, 2006 (Gidday, , 2010 . WebGestalt also identified From the common core of enriched TFBS, the POU class 2 homeobox 1 (Pou2f1, a.k.a. Oct1) and neurofibromin 1 (Nf1) (both from the HighEG) were found to be differentially regulated between neuroprotective classes.
Transcription factor targeting
The connection to TLR pathways described above prompted us to investigate the role of IRF7 and type-I interferons in neuronal survival. Interestingly, Irf7 expression was up-regulated and IRF7 TFBS were enriched following acute demyelination (Schmidt et al., 2009 ), viral infection (Ousman et al., 2005) , and middle cerebral artery occlusion (Stevens et al., 2011) . We then measured Irf7 expression in cultures of cortical neurons pre-and post-excitotoxic stimulus and found that Irf7 expression was up-regulated following NMDA treatment (Fig. 2 , PreStimulus versus PostStimulus), suggesting that it may also be involved in responses to glutamate receptor-induced excitotoxic injury. We then tested if gene silencing of Irf7 using RNA interference (RNAi) would affect neuronal survival. Transfection with Irf7 siRNA oligonucleotides resulted in more than a 40% (p < 0.03) repression of this stimulation relative to control transfection with mock or negative control oligonucleotides (Fig. 2 , PostStimulus-mock versus PostStimulus-Irf7). In contrast semaphorin-3a (Sema3a), a control gene not present in the DEG list or known to be an IRF7 target, did not evidence significant changes in its expression following either the excitotoxic stimulus or siRNA transfection (Fig. 2) . We then measured how reduction of Irf7 expression affected neuronal survival. We observed that the downregulation of Irf7 expression was concomitant with a modest but significant reduction (15%, p < 10 À6 ) in neuronal survival (Fig. 3a) relative to controls. The modest effect we observed may be a result of lower transfection efficiency (see Experimental procedures), the remaining IRF7 message, and redundancy in pathways that promote neuronal survival. Given the importance that IRF7 plays in the regulation of type-I interferon (IFN) expression, we also tested whether type-I interferons, interferon-a2 (IFN-a2) and interferon-b (IFN-b) , could themselves serve as neuroprotective molecules. We found that both IFN-a2 and IFN-b enhanced neuronal survival relative to untreated control (Fig. 3b) . In summary, these data are consistent with a model where Irf7 up-regulation, following neuronal insult, maximizes neuronal survival through stimulation of type-I interferons.
Integrated complex trait networks
To identify modules of interacting genes, we used the integrated complex trait network (iCTnet) Cytoscape plug-in (Wang et al., 2011a) . We captured all associations from the protein-protein interactome, whole genome association studies, and drug-target interactions (see Experimental procedures), combining all available information into a large integrated network (INTnet, not shown) onto which we mapped our differentially expressed genes. At the protein level, the overlapping nodes and their adjacent edges were extracted, resulting in a core network of differentially expressed genes (DEGnet, not shown). The DEGnet consisted of 357 nodes and 80 edges that were comprised of several smaller subnetwork clusters or modules. To test if the resultant modules and overall topology within the DEGnet could be the result of random sampling, we compared DEGnet topological parameters from the Cytoscape plug-in NetworkAnalyzer (Assenov et al., 2008) to 10 randomly generated networks of equal size. We found that our DEGnet differed significantly (p < 0.001, binomial test) across a wide spectrum of parameters relative to randomly generated networks, including the greatest number of edges, the largest connected cluster, the most connected pairs, and the largest node density (Table 5 ). These findings strongly suggest the identified transcripts are functionally related.
We then incorporated any disease and drug having direct links to the core nodes within the INTnet, thus creating a larger network of interconnected DEGs, diseases, and drugs (D3net , Fig. 4) . From the initial 234 diseases that were present in the INTnet, we found that our D3net nodes were exclusively connected to CNS and inflammatory disorders such as Parkinson's disease, Alzheimer's disease and Rheumatoid Arthritis. We focused on D3net modules consisting of at least five or more genes. The largest, a cluster of 47 genes, was built upon a backbone of four highly connected genes, including Cdk5, Mapk10, Jun, Smad3, Dcx, Trim39, and Ptpn11. The other three consisted of smaller connected modules of nine and seven genes, including the more connected genes, Cd44, Ee4f1a1, and Homer1. We applied the DKS algorithm to assess literature support for each module within the DEGnet and found that modules 7-1 and 7-2 showed a significantly higher DKS than the DEGnet as a whole (Fig. 4 inset, p < 0 .03, Welch's t-test). Module 7-1 was found to be a mixture of glutamate receptors (Gria, Grik), a glutamate transporter (Slc1a1) and glutamate receptor scaffolding gene (Homer1). Whereas module 7-2, was composed exclusively of molecules involved in extracellular matrix assembly such as fibronectin 1 (Fn1), collagen type IV alpha 6 (Col4a6), and the heparin sulfate proteoglycan, Cd44.
DISCUSSION
The panel of molecules used to promote neuronal survival included such mechanistic diversity as ion channel blockers, enzyme inhibitors, cytokines, free radical scavengers, a/b-adrenergic antagonists, and NMDA-R antagonists. Our analysis demonstrated that the molecular diversity, rather than translating into divergent mechanisms of neuroprotection, converged on the regulation of key genes and pathways of neuronal survival. These players fell into a few major themes that included the regulation of ion channels and cotransporters, the regulation of signaling pathways including the MAPK pathway, the HIF pathway, and the TLR signaling pathway, the regulation of cellular adhesion, and the regulation of nucleic acid metabolism and repair.
Neuroprotection from ischemia and excitatory amino acids has been shown to involve the activation of ion channels and transporters, including glutamate receptors that reside in pre-and post-synaptic membranes (Besancon et al., 2008; Hardingham and Bading, 2010) . From the ontological analysis, we found enhanced expression of solute carriers for sodium ions, including the Na(+)-dependent glutamate transporter (Slc1a1, previously Eaat3), which was important for neuroprotection through preconditioning for middle cerebral artery occlusion (MCAO) in rat brains (Romera et al., 2004) . Moreover, we identified elevated expression of a network module with a high domain knowledge score, or literature support, for neuroprotection. This module consisted of the AMPA (Gria1) and kainite (Grik1, Grik5)-type glutamate receptors, Slc1a1, and the scaffolding protein Homer1. Genes whose resultant proteins are generally localized to synaptic membranes and whose activation, in the case of kainite-type receptors, may promote growth and remodeling (Lau and Tymianski, 2010 ). Estrogen neuroprotection from MCAO in rat brains required glutamate receptor activation and was attenuated by MK-801 (Connell et al., 2007) . Estrogen has been thought to trigger the endoplasmic reticulum stress response (Ejima et al., 1999) , a process that may be mediated by Homer1 (Connell et al., 2007) . Similarly, excitotoxic neuroprotection against NMDA with resveratrol, a sirtuin-1 inhibitor, required the activation of both the estrogen and glutamate receptors (Saleh et al., 2009 ). These instances required the concomitant activation of the NMDA and estrogen receptors, either directly or indirectly. We also found that along with enhanced expression of glutamate receptors, neuroprotection across multiple compounds correlated with an enrichment of ER-alpha transcription factor signatures, perhaps indicative of their activation.
Stimulation of glutamate receptors, including NMDA, activates MAPK pathway components, specifically extracellular signal-regulated kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase pathway (JNK) (Centeno et al., 2007; Sawe et al., 2008) . We found that across neuroprotective molecules, survival correlated with elevated expression of several key MAPK (ERK1/2) signaling pathway genes, including Rasgrp1, Prkcb1 (protein kinase C, PKC), as well as several JNK signaling pathway genes, including Mapk10 (JNK3) and Map2k4 (MEK4). The biological systems analysis identified a large MAPK-containing module that included the low expression group JNK3 target, Jun. Preconditioning with sub lethal ischemia in rat models of tolerance required activation of NMDA-R and led to the phosphorylation of ERK1/2 (Jin et al., 2006; Zhang et al., 2009) . Typically, the reduction of JNK3 activation supports increased neuroprotection (Yamasaki et al., 2012) , for example in ethanol-attenuated neuronal injury following kainite treatment of rat brains (Qi et al., 2010) . However, the reduction of c-Jun, may indicate reprogramming of the MAPK pathway, favoring ERK1/2 signaling or alternative targets of the MEK4/JNK3 pathway (Yamasaki et al., 2012) .
We also identified enrichment for transcription factors known to be down-stream effectors of MAPK activation including the c-AMP response element binding protein (CREB), myocyte enhancer factor 2 (MEF-2), and TNF receptor-associated factor 4 (TRAF4). CREB activation is strongly induced by synaptic NMDAR activity (Hardingham, 2009 ) and both CREB (Hara et al., 2003; Terasaki et al., 2010) and MEF-2 are protective against ischemia. TRAF4 a silencer of TLR signaling, was demonstrated to mediate TLR signaling through its association with TRAF6 and TRIF (Takeshita et al., 2005) , as well as shown to regulate the JNK pathway through enhancement of MEKK4 activity (Abell and Johnson, 2005) . Therefore, across multiple disparate neuroprotective molecules, the enhanced expression of both ERK1/2 and the JNK pathways may be important for long-term neuronal survival and stimulation of effectors such as CREB, MEF-2, and TRAF4.
Neuroprotection from hypoxia and activation of the hypoxic inducible factor 1 (HIF-1) are among the most well-studied examples of neuroprotection (Liu et al., 2009) . We found that neuroprotection across the panel of molecules correlated with convergence on the HIF-1 pathway, including enrichments for signatures of the transcription factors HIF-1b and co-activator p300/CBP.
The TLR system plays an important role in sensing exogenous pathogens as well as endogenous stress molecules that occur in response to injury and has been established to be an important mechanism for neuroprotection and establishment of ischemic tolerance (Wang et al., 2011b) . The identified TRAF4 had been previously found to be important for TLR silencing, pathway reprogramming (Takeshita et al., 2005) , and downstream activation of IRF3/IRF7 (Stevens et al., 2011) . IRF7 is an established critical regulator of type-I interferon expression and a component of the interferon enhanceosome (Honda et al., 2005) . The transcription factor analysis identified enrichment not only for IRF7 transcription factor binding sites, but also other components of the IFN enhanceosome (Panne, 2008) including c-Jun, ATF-2, CBP, and NF-jB. We found that Irf7 expression was up-regulated following the excitotoxic stimulus and Irf7 RNA interference decreased gene expression and neuronal survival. IRF7 had been demonstrated to be an important regulator of type-I interferon (IFN) expression (Savitsky et al., 2010) , as well as being an critical effector of preconditioning in a mouse model of tolerance (Marsh et al., 2009; Stevens et al., 2011) . Moreover, mice deficient for either Irf3 or Irf7 have a significantly attenuated preconditioning response (Stevens et al., 2011) . Given this, we tested if type I IFNs were neuroprotective. We found that either IFN-b or IFN-a alone was sufficient to enhance neuronal survival following NMDA exposure. The exacerbation of neuronal cell death following Irf7 RNA interference may indicate that the IRF7-dependent transcription maximizes neuronal survival through the expression of type-I IFNs. This may represent the first description of type-I IFNs directly stimulating neuronal survival, rather than supporting survival through indirect immunomodulatory and anti-inflammatory mechanisms. The US Institute of Health's clinical trials registry (clinicaltrials.gov) has listed a National Institute of Neurological Disorders and Stroke funded phase I dose escalation trial for IFN-b1a in acute ischemia (NCT00097318) indicating interest in the application of type-I interferons in the prevention of stroke.
The biological systems analysis revealed the DEGs existed as small, interconnected modules that are more connected to themselves than would be expected by random chance, enhancing the biological relevance of the gene list and resultant network. These genes and module have been linked to neurologic, neurodegenerative, and inflammatory disorders. This remarkable finding suggests that, at the level of whole genome transcription, the same modules and genes important for ensuring neuroprotection also seem to be associated with disease pathology and recovery from injury. Strategies to protect neurons from excitotoxic injury and demyelination are challenges to current and future therapies. These will ultimately be necessary for effective treatment of neurodegenerative disorders where current approaches often mitigate disease symptoms and prolong disease course, albeit do not reverse prior damage, nor halt progression (Dong et al., 2009) . Our study demonstrates that many exogenously delivered molecules with arguably different mechanisms of action, converged in their abilities to stimulate the genome.
One limitation of this study is that the transcriptional events observed were cross-sectional and represent long-term transcriptional changes. Given the dynamic nature of gene expression, capturing these transcriptional changes along a time series would be necessary to more comprehensively identify the molecular events leading to neuroprotection. Furthermore, extending this analysis to other key cell types (e.g., glial cells) would contribute to defining the transcriptional regulatory patterns involved in promoting overall neuronal survival. As our knowledge of neuroprotection increases, a combination of known therapeutics or more rationally designed candidates may provide more stable, long-lasting, pharmacologically tractable neuroprotection.
